INTRODUCTION
Nickel and its compounds are released into the atmosphere from both natural and anthropogenic sources. Although Ni is an essential element to plants and many other biota, there has been much more concern about the toxicity of Ni than about Ni defi ciency. Field observations have indicated a signifi cant increase in heavy metal concentrations in agricultural and forest soils as well as in marine and inland water sediments during the last century [1, 2] . An increase is also frequently observed in remote areas thousands of kilometers away from major anthropogenic sources due to long-range atmospheric transport, e.g., elevated Ni concentrations have been reported from the Norwegian arctic and the Finnish Lapland region [3] [4] [5] . Nriagu and Pacyna [6] give an estimation of 24 000-87 000 tons in 1983 for the worldwide Ni emissions to the atmosphere, and for the total global release of Ni into soils (atmospheric fallout, wastes, fertilizers, sewage sludge, etc.) an estimate ranging from 106 000 to 544 000 tons per year. In this context, it is important to know the background concentrations of trace elements in uncontaminated sites for comparison with polluted areas.
CHEMISTRY OF NICKEL

Chemical Properties
Nickel (Z ϭ 28, atomic weight 58.69) belongs to Group 10 (formerly VIII) of the periodic table, the so-called iron-cobalt-nickel group of metals. As such, Ni is closely related to Co in both its chemical and biochemical properties. The electronic confi guration is (Ar) 3d 8 4s 2 . Normally, Ni occurs either in the 0 or ϩII oxidation states, although the ϩI and ϩIII states can exist under certain conditions. As the latter ions are not stable in aqueous solution [7] , redox processes are not directly important in the environment. Elemental Ni is a silvery white, hard, malleable metal which melts at 1453ЊC and has a density of 8.9 g cm
Ϫ1
. Five stable isotopes exist of Ni (with natural abundances): 58 Ni (67.9%), 60 Ni (26.2%), 61 Ni (1.19%), 62 Ni (3.66%), and 64 Ni (1.08%). There are 18 radioisotopes, with the most stable being 59 Ni (half-life 76 000 yr) and 63 Ni (half-life 100 yr). Nickel readily loses two electrons, yielding Ni 2ϩ . This is the dominant inorganic species throughout the pH and Eh range of most natural waters ( Figure 1 ). However, in the presence of dissolved organic matter, Ni can form strong complexes with organic ligands. In increasingly calcareous/alkaline waters it is stable as NiHCO 3 ϩ and NiCO 3 0 , and Ni(OH) 2 0 , respectively. In zones of active bacterial sulfate reduction such as anoxic sediments, the solubility of Ni is regulated by the formation of Ni sulfi de (NiS). In the presence of phosphate, as in fertilized agricultural soils, Ni 3 (PO 4 ) 2 can be formed resulting in very low Ni 2ϩ concentrations in the aqueous phase (solubility product about 10 Ϫ32 ). In most soils, Ni is bound to ion . Redrawn from [9] with kind permission of Springer Science and Business Media. exchange sites, is specifi cally adsorbed, or adsorbed on or coprecipitated with aluminum and iron oxyhydroxides. These are the dominant processes in neutral to alkaline soils. In acidic organic-rich soils, where fulvic and humic acids are formed by the decomposition of organic material, Ni may be quite mobile, possibly because of complexation by these ligands [8] .
Geological Abundance and Occurrence
The abundance of Ni in the earth's crust is ϳ80 µg g Ϫ1 [7] . 
Measurement of Nickel in Environmental Samples
The concentrations of total Ni in uncontaminated environmental samples range from 0.6 pg g Ϫ1 in ice-core samples [11] to more than 1 mg g Ϫ1 in serpentine soils [7] . The most common techniques for the quantifi cation of Ni in these samples are atomic absorption spectrometry (AAS), inductively coupled plasma optical emission spectrometry (ICP-OES), and inductively coupled plasma-mass spectrometry (ICP-MS). Approved test methods are given by the Environmental Protection Agency (EPA) [12] [13] [14] .
Limits of detection (LODs) of 40 µg L Ϫ1 are reported for the analysis of water samples using fl ame AAS, and 1 µg L Ϫ1 using graphite furnace AAS [12, 13] . A great advantage of ICP-OES and ICP-MS is their capability of multi-element analysis. An additional advantage of ICP-MS is the low LOD for most elements (lower µg L Ϫ1 range). Although these methods are suitable for acid digestions of soil and sediment samples as well as many water samples, the Ni concentration in some natural and drinking waters is often below the LODs of the ICP-MS. Therefore, the EPA specifi cally developed three different preconcentration protocols for the determination of metals in ambient waters at EPA water quality criteria levels (WQC), resulting in a LOD of 0.029 µg L Ϫ1 for Ni [14] .
However, one of the greatest diffi culties in measuring Ni at these levels is precluding sample contamination during collection, transport, and analysis. Over the past decades, marine chemists have come to recognize that much of the historical data on the concentrations of Ni in seawater are erroneously high because the concentrations refl ect contamination from sampling and analysis rather than ambient levels [14] . Therefore, the EPA developed a clean sampling procedure of ambient water [14] . Solid phase extraction is a very sensitive, fast and economic preconcentration method [15] , and various extractants are reported in the recent literature [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Alternatively, Ni can be preconcentrated using coprecipitation [25, 26] . With the development of high-resolution ICP-MS instruments and the installation of clean lab facilities, a new chapter in Ni quantifi cation has been opened. The main advantages compared with quadrupole ICP-MS instruments are: (1) increased sensitivity (factor 10); (2) low background intensities; (3) the separation of Ni from polyatomic interferences (CaO, CaOH); and (4) the small sample volumes required. This allowed the multi-element analysis of bog porewater [27] where preconcentration procedures were not possible due to the low sample amounts available. Due to the low background levels of the instrument, LODs are dependent on the effort to avoid random sample contamination. Using class 100 fl ow benches and high-purity materials (Tefl on, Peek), e.g., LODs of 15 ng L Ϫ1 could be obtained for Ni [27] . Using the slurry-sample introduction technique in AAS [28, 29] and laserablation ICP-MS [29] , the direct determination of Ni in solid environmental samples, without time-consuming digestion procedures, is possible. The LODs attainable with laser-ablation ICP-MS depend on the size of the ablation pits, but are typically in the low to sub ng g Ϫ1 range for pits of Ͼ100 µm [30] . However, XRF spectrometry is a cheap, fast and simple alternative for the multi-element analysis of solid samples at the µg g Ϫ1 concentration level, and it is non-destructive. Using total refl exion XRF, aqueous solutions can be analyzed [31, 32] . For analyzing small samples, such as single mineral grains, electron microprobe analyzers (EMPA) have been used extensively, although LODs are in general high (50-200 µg g Ϫ1 for many elements) [33] . Synchrotron-based XRF allows the establishment of elemental mappings of small-scale samples, with lateral resolutions in the µm range [34] . By combining different synchrotron X-ray techniques, such as X-ray diffraction, X-ray absorption fi ne-structure analysis (XAFS), and X-ray absorption near edge structure analysis (XANES), information on the mineral phase, the oxidation state and the nearest neighbour atom can be obtained [35] [36] [37] .
For the speciation of Ni in aqueous solutions, adsorptive cathodic stripping voltammetry is frequently employed [38] [39] [40] . Using chromatographic methods both speciation and the separation of different metals in aqueous solutions is possible. A recent review covers standard separations of inorganic ions and metal complexes such as ion chromatography, as well as advanced techniques such as capillary electrophoresis (CE) [41] . The advantages of CE include the high separation speed (Ͻ10 min) and separation effi ciency, and the small sample volumes Met. Ions Life Sci. 2, 1-30 (2007) required (several nL). Metals can be detected either by nonspecifi c UV detection, or by using an element-specifi c ICP-MS coupled to the CE instrument.
ANCIENT AND MODERN USES OF NICKEL
The use of Ni can be traced back to the beginning of the Bronze Age in Mesopotamia in 3500 BC. The ancient bronzes produced in the area had a Ni content of up to 2%. The naturally occurring nickel-copper alloys were used by the Chinese during their Bronze Age from ca 2000 BC. However, the real understanding of Ni as an element dates to more contemporary times. In 1751 the Swedish chemist and metallurgist, Cronstedt isolated a white metal, which he called nickel, from a mineral originating from the Los Cu-Co mines in Sweden. It is not quite evident what was the Ni containing mineral, from which Ni was identifi ed by Cronstedt, but very probably it was 'kupfernickel' now called niccolite (NiAs). The name 'nickel' originates from the old name of this mineral. Although kupfernickel looked like a Cu mineral, one could not extract any Cu from it. Therefore the Saxon miners had named the mineral according to a spiteful dwarf 'Nickel' who had apparently turned the Cu in the ore into a non-available form.
Nickel is an important element in modern industry. The largest use by far is the manufacture of stainless steel, an alloy that consists of 8% nickel, 18% chromium and 74% iron. Other special steels can contain up to 60% of Ni. There are more than 3000 known Ni-containing alloys. Finely divided Ni is used as a catalyst for hydrogenating vegetable oils. Batteries contain Ni, especially the advanced Ni-Cd batteries of electric vehicles. Nickel can be electroplated onto other metals to form a protective coating on electronic components. Various Ni compounds are used as pigments [42] .
SOURCES OF ATMOSPHERIC NICKEL
Natural Sources
There are large amounts of natural Ni present in the atmosphere, derived from windblown dust, volcanic ashes, forest fi res, meteoric dust and sea salt spray. On a global scale, windblown soil particles from eroded areas can account for 30-50% of natural Ni emissions. Volcanoes eject material from the Earth's mantle and this source can also account for a signifi cant portion, perhaps 40-50% of Ni, in the air [1] . Nickel, which has been incorporated into vegetation can be released and dispersed by forest fi res. Therefore, the natural background concentration in the air varies according to local sources and specifi c climatic conditions. Estimates from natural emissions are still rather inaccurate. Pacyna and Pacyna [2] estimate that the natural emissions would be roughly one-third (30 000 tons) of the anthropogenic emissions. However, locally the ratio of natural to anthropogenic emissions can be entirely different, e.g., in the neighborhood of volcanoes.
Anthropogenic Sources
Important sources of Ni are present and past mining activities, including foundries and smelters and refi neries; diffuse sources such as piping, constituents of industrial and commercial products, combustion by-products, waste disposal, and traffi c [43] . However, the main anthropogenic source of Ni is the combustion of oil, emitting 86 110 tons of Ni in 1995, which is more than twice as high as the corresponding emissions in 1983 (40 833 tons) [2] . The increase can be explained by increased production of electricity and heat by oil combustion worldwide. Actually almost 90% of the global anthropogenic Ni emissions originate from oil combustion [2] . The worldwide emissions of Ni from non-ferrous metal production in 1995 was 8876 tons [2] .
Historical records, derived from peat bog profi les or ice cores (see also Section 6), have shown that trace metal pollution started to increase at the beginning of the Second Industrial Revolution, between 1850 and 1900, when worldwide Ni emissions have been estimated to be close to 240 tons year Ϫ1 [1] . Over a hundred years later, in 1983, the total Ni emissions were already 55 650 tons yr Ϫ1 [2] . Even though the emissions of most metals have decreased since 1980s, global Ni emissions reached a level of 95 287 tons yr Ϫ1 in 1995, largely due to the increase in oil combustion. However, at a local scale trends can be different, e.g., in Finland Ni emissions declined by 50% between the 1990 and 2000 [44] . The decline is supposed to result from the use of more effi cient techniques and combustion processes together with better process control. Removal of Ni containing particles has also become more effi cient owing to the installation of new sulfur removal systems [45] . The largest anthropogenic sources of atmospheric Ni emissions are estimated to be in Asia where emissions show an increasing trend, due to increasing industrialization and lower effi ciency of emission control [2] .
DEPOSITION AND FATE OF ATMOSPHERIC NICKEL
Air Quality and Deposition in Polluted Areas versus Remote Areas
Nickel is emitted into the atmosphere mainly in particulate matter dispersed by the wind and deposited by both dry and wet deposition. The deposition rate and the transport distance depend on the location, stack height, size of the particle, and meteorological conditions. Nickel from anthropogenic sources is mostly in the form of oxides and sulfates of rather small particle size (mass median diameter about 1 µm) of which some 15-90% is soluble [43] . Windblown dusts may contain mineral species of Ni, which are often in the form of sulfi des. The type of ore will govern the form of Ni emitted to the atmosphere from an ore-crushing plant [46] . The major part of the particles deposit in the vicinity of the source, but smaller particles are transported over longer distances. This is especially true in winter when the particles can remain suspended in the air for long periods of time. In the Arctic, air measurements show that concentration of Ni is higher in winter than in summer by more than one order of magnitude [47] . The Ni concentrations in ambient air show considerable variation. In a remote area in the Canadian Arctic levels of 0.38-0.62 ng m Ϫ3 were recorded [48] , whereas a value of 124 ng m Ϫ3 was measured in the vicinity of a Ni smelter [49] . At a background site in northern Finland, a level of about 0.58 ng m Ϫ3 as an annual average value, was recorded during 1996-1998 [50] [51] [52] , while a background value in southwestern Finland was 1.14 ng m Ϫ3 [53] . In a polluted area in southwestern Finland, in the vicinity of a Cu-Ni smelter, daily peak values as high as 44-230 ng m Ϫ3 have been observed [54] . Ranges from 9 to 60 ng m Ϫ3 have been reported for European cities [43] , and from 110 to 180 ng m Ϫ3 for heavily industrialized areas [55] . Moreover, in remote areas near volcanoes values as high as 330 ng m
Ϫ3
, have been measured [56] . According to Nriagu [1] [57] . The highest deposition was recorded in Svanvik, Norway, at a site located near the Russian border, and under the infl uence of the Ni-Cu smelters in the Kola Peninsula. The lowest annual Ni deposition was recorded at Irafoss, Iceland. In another study in a polluted area near a Cu-Ni smelter in southwestern Finland, the average annual Ni deposition during 1993-1998 was 64 mg m Ϫ2 at 0.5 km from the main stack [58] .
Regional Indicator Surveys:
The Use of Mosses, Lichens, Bark
Mosses
The use of mosses as biomonitors of atmospheric pollution on a regional scale were started in the late 1960s in Sweden [59, 60] and were gradually adapted by other Nordic countries [61] [62] [63] . Mosses receive most of their nutrients directly from the atmosphere, although the interaction with local litter and soil should not be underestimated [64] . The general uptake effi ciency of different trace elements by mosses decreases in the order Pb Ͼ Co,Cr Ͼ Cu, Cd, Mo Ni, V Ͼ Zn Ͼ As [65] . The glittering feather moss (Hylocomium splendens (Hedw.) B.S.G.) and the red-stemmed feather moss (Pleurozium schreberi (Brid.) Mitt.) are the most common species used in regional surveys in Nordic countries [66] [67] [68] , even though they are known to be sensitive to pollution and do not grow, e.g., in severely Cu-Ni contaminated areas [69] . According to Rühling [70] 
Lichens
Epiphytic lichens have been extensively used in monitoring as well. The use of lichens as bioindicators of air quality was discovered by the Finnish botanist Nylander in the 19th century, when he noticed that lichens occurred only in the most sheltered locations in the famous Jardins du Luxembourg in Paris [72] . The physiology of lichens makes them sensitive and also vulnerable to air pollutants, especially to high levels of sulfur dioxide (SO 2 ). Therefore, epiphytic lichens are the fi rst to disappear from the immediate surroundings of pollutant sources [72] [73] [74] . However, since they obtain their nutrients directly from aerial deposition [75, 76] , they are effi cient in trapping atmospheric heavy metals in low or moderate pollution conditions [71, 77, 78] . The epiphytic lichen Hypogymnia physodes (L.) Nyl. is widely distributed and fairly resistant to impurities in the air [79] , therefore it has been used commonly in regional surveys of heavy metal deposition [80] [81] [82] . In a regional survey in Finland, the average Ni concentration of H. physodes was 2.5 µg g Ϫ1 [83] . In the Kola Peninsula (Russia) near Ni-Cu smelters, H. physodes lichens were transplanted for a 3-month period, at distances ranging from 6 to 150 km from the smelters [73] . 
Bark
The use of tree bark as an indicator of air pollution increased in popularity after it was found that the pH of bark generally correlates well with atmospheric SO 2 concentrations [87] . Results from the Kola Peninsula, Russia, and northern Finland indicated extremely high Ni concentrations in the bark of Scots pine (Pinus sylvestris L.) growing close to the Ni-Cu smelters in Monchegorsk, with a maximum value of 303 µg Ni g Ϫ1 [88] . The average Ni concentration of the Finnish study plots was only about 1 µg g
Ϫ1
, and the range 0.05-6.64 µg Ni g Ϫ1 . In a Canadian study, where bark samples were collected from a variety of tree species growing under varying contaminant loads, considerable variation among species was observed. Coniferous species (white spruce, black spruce, tamarack, white cedar, and jack pine) usually contained the highest concentrations of Ni ranging from 2 to 61 µg Ni g Ϫ1 [71] , and the Ni concentrations of deciduous species varied from 1 to 37 µg g
. In a Nigerian study carried out beside a road the Ni concentrations in bark of two tree species (Azadirachta indica A. Juss. and Gmelina arborea Linn. Roxb.) were on average 13 µg g Ϫ1 [89] .
Nickel Concentration in Aquatic and Biotic Media
Natural background levels of Ni in water are relatively low: in open ocean water 0.2-0.7 µg L
Ϫ1
, and in fresh water systems generally less than 2 µg L Ϫ1 [43] . In a Finnish study [90] median Ni concentrations in lakes were 0.38 µg L Ϫ1 (n ϭ153) and in stream waters 0.52 µg L Ϫ1 (n ϭ 1165). It is typical that heavy metal concentrations are lower in the headwater lakes than in streamwaters, possibly because of particle scavenging.
Nieminen et al. [91] compared Ni concentrations in the surface layers of a peat bog at a polluted site in the vicinity of Cu-Ni smelters to that of a peat bog in a remote area. The Ni concentrations were 100 times higher near the smelter (260-913 µg g Ϫ1 ) compared with those of the remote site (3-14 µg g Ϫ1 ). Mannio et al. [92] studied enrichment of Ni in lake waters in Finland. They found out that an enrichment factor (EF) value of 2 was exceeded in only three lakes in Northeast Finland, near the Russian border, and the Kola Peninsula Ni-Cu smelters. These fi ndings suggested that the current Ni concentration was more than twice the historical Ni concentration in those same lakes. Corresponding Ni EF values of lakes in northern Scandinavia have been reported to be less than 2 [93, 94] .
Results of a study of various aqueous and biotic media in four remote sites in Finland indicate no bioaccumulation of Ni (Table 1) , possibly a refl ection of the generally low Ni concentration at all sites [95] . For example, the Ni concentrations of wood ant (Formica spp.) and the liver of shrew (Sorex spp.) were low compared with those found in moss, which should refl ect the amount of atmospheric Ni deposition. Wood ant and shrew represent an important part of the ecosystem food chain. According to Tyler [96] the critical concentration value for Ni in mosses is Ͼ20 µg g Ϫ1 and correspondingly in freshwater 25 µg L Ϫ1 [97] . Hence, the Ni concentration of both mosses and surface water in the remote Finnish sites was clearly below these ecotoxicological lowest effect values (Table 1) . 
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In a study conducted in an ultramafi c (serpentine) soil, where a Ni hyperaccumulating plant (Alyssum pintodasilvae T. R. Dudley) was common, herbivores such as grasshoppers and predators such as spiders had signifi cantly elevated concentrations of Ni [98] . In contrast, the concentrations of Cr and Co, which are also enriched in ultramafi c soils, but are not accumulated by A. pintodasilvaea, were not elevated in the studied invertebrates. Therefore, the presence of Ni hyperaccumulating plants appears to enhance the transfer of Ni from soil to herbivore and carnivore trophic levels. However, with the exception of hyperaccumulator plants, Ni does not biomagnify in the terrestrial foodweb [99] , thereby its toxicity to higher trophic levels appears to be unlikely.
Nickel Fluxes in Forested Catchments
The atmospheric deposition of heavy metals is dominated by dry deposition of aerosols and particulates [100, 101] . Forest canopies are particularly effective in trapping suspended heavy metal aerosols because of the high surface area for interception [102] . It is well known that the precipitation can wash many contaminants from the surfaces of vegetation. Less known is the fate of elements as the solution travels through the soil horizons and moves into streams. Some part of the elements absorbed by plants remain incorporated in stems, leaves, or moss tissues and are released back to the nutrient cycle only after senescence and litter decomposition. Input-output budgets at catchment and stand levels, therefore, are a useful means of describing the mobility, retention and fl uxes of elements in the environment [103] [104] [105] [106] [107] [108] .
However, there are only a few elemental budgets published for Ni. Ukonmaanaho et al. [108] studied Ni input-output budgets both at plot (stand)-and catchmentscale in two remote boreal forest areas in southern (Valkea-Kotinen, Norway spruce dominated) and eastern (Hietajärvi, Scots pine dominated) Finland. Results of the plot-scale budgets showed that retention of Ni (by canopy, vegetation, soil) took place at both the Hietajärvi plots, whereas at the Valkea-Kotinen plot the Ni fl ux at 40 cm depth in soil was greater than the total inputs (TF ϩ LF) (Figure 2) . Furthermore, if the internal fl uxes (TF ϩ LF) are ignored, retention of the atmospheric Ni took place only at one of the two Hietajärvi plots.
At the catchment scale, Ni outputs from Valkea-Kotinen and Hietajärvi were less than atmospheric inputs ( Table 2 ), indicating that much of the atmospheric inputs were retained within the catchments. Most of the retention at Hietajärvi and Valkea-Kotinen was associated with the terrestrial part of the catchment, which includes retention in the tree canopy, as well as in soil and uptake and accumulation into plant biomass. As the stands at both Valkea-Kotinen and Hietajärvi are old growth forest, the net increment growth can be considered close to zero [109] and therefore net uptake of elements by trees is negligible. Assuming that the whole upland forested area of the catchments acts as indicated by the plot scale budgets, i.e., Ni leaching Ͼ atmospheric inputs of Ni (Figure 2b, c) , most of the Ni retention in the terrestrial part of the catchment takes place below a depth of 40 cm in the soil profi le. Retention of Ni 2ϩ can take place in B horizon, where cation-adsorbing Al and Fe hydroxides/oxides are enriched. There are Met. Ions Life Sci. 2, 1-30 (2007) considerable areas of peatlands in both catchments, which may be very important to the terrestrial retention observed. Sedimentation of organometal complexes is the main process by which heavy metals are retained within lakes [106, 110, 111] .
HISTORICAL RECORDS OF NICKEL DEPOSITION
Sediment
The chronological geochemical record contained within sediments has been used worldwide to describe the history of contamination [112] . Lake sediments have not only shown the intensity of Ni pollution in the surroundings of the world's largest Ni smelters at the Kola Peninsula in Russia [113] and at Sudbury in Canada [114] within the last century, but also the recent recovery of lakes refl ected in the decreasing concentrations of Ni in the most recent layers. Lake sediments have also shown that the impact of these smelting activities is primarily localized rather than regional [115] . The release of Ni from industrial areas into the environment in the 1970s/1980s, and the recent decline is well recorded in delta systems, such as that of the Danube [116] and the Venice lagoon [117] . The slight enrichment of Ni in recent sediment layers of the Culiacan river estuary in Northwestern Mexico was related to population growth [118] .
Studies in the UK have shown that even relatively remote sites have experienced enhanced atmospheric deposition of anthropogenically derived Ni for over 100 years, and the contamination might have started before industrialisation [119] . Sediment records from a remote subalpine lake in Taiwan covering a time span of 2600 yr indicated that aeolian Asian dust particles have played a signifi cant role in the elevated deposition of Ni during dry periods [120] . The natural enrichment of Ni (up to 0.1% Ni) in a lake sediment core from Finland was related to the prolonged erosion of metalliferous black shales during glacial retreat ca 9000 years ago [121] .
Peat Bog
Ombrotrophic peat cores have recently proved to be meaningful archives of recent as well as ancient atmospheric metal deposition, especially for Pb [122] [123] [124] and Hg [125] [126] [127] [128] . In contrast, there are only a few systematic studies on the distribution and fate of Ni in ombrotrophic bogs [129] [130] [131] [132] [133] [134] . The results indicate that the fate of Ni is strongly dependent upon the mineralogical form in which it is originally deposited, but also on the geochemical and hydrological conditions in the peat layers, and the peat accumulation rate [133] . Due to the high deposition rate of Ni near a Cu-Ni smelter, recent smelter emissions are to some extent recorded in the peat profi le [132] . In the long term, however, the bulk of deposited particles are expected to dissolve in the peat layers [134] . Even the emission of Ni sulfi de particles from a nearby Ni mine was not well refl ected in the peat profi le, although these minerals had been expected to be chemically stable in the anoxic peat layers [132] . The crucial factor might be the early oxidation of particles in the aerated surface layers of the bog [133] . The retention of anthropogenic Ni from long-range atmospheric transport shows some (apparent) inconsistencies [129, 130, 132] . In a peat core taken at a low-background area in Finland, post-depositional processes could not be excluded [132] . In contrast, the deposition of dust-related Ni phases appeared to be well preserved in an age-dated Swiss peat core (Figure 3 ) [129] . The highest concentrations of Ni were found during the Younger Dryas cold climate event (centered at 10 590 yr B.P. according to 14 C dating) when background values were exceeded by about 40 times. Elevated Ni accumulation rates were also found at 8230 and 5320 years B.P. according to 14 C dating, which are consistent with the elevated dust fl uxes recorded by Greenland ice cores. Silicate mineral particles are well preserved in acidic peat for thousands of years [135] . Apparently, when silicate phases are the main Ni-bearing host, Ni is well preserved in the peat profi le.
Polar Snow and Ice
Ice cores have provided much important information about temporal trends in atmospheric metal deposition in Greenland [137] [138] [139] , the European Alps [140] , and Antarctica [141] . However, to the best of our knowledge, there is only one single study which includes Ni concentration data [142] . Nickel concentrations of a 12.5-m-long ice core from Devon Island, Canadian Arctic, ranged between 0.6 and 144 pg g
Ϫ1
. The wide dispersion of concentration values is highly dependent on variations due to the strong seasonal infl uence on the mechanism of atmospheric transportation [142] . 14 C dating) corresponds to the Holocene Climate Optimum when rates of atmospheric soil dust deposition were at their lowest [122, 136] . Times of high dust deposition are indicated by elevated Sc concentrations in the peat [136] . Reprinted from [129] with permission from the American Chemical Society. Sci. 2, 1-30 (2007) 
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BIOAVAILABILITY AND MOBILITY OF NICKEL IN SOILS
Uptake and Translocation of Nickel by Plants
Nickel is a natural constituent of plant tissues ranging normally from 0.05 to 10 µg g Ϫ1 of dry matter [7, 143] . The range in concentrations mainly refl ects the differences between plant species in uptake and in root-to-shoot transport of Ni [143] . Although threshold concentrations for the lethal Ni toxicity are commonly reported to be less than 100 µg g Ϫ1 [7, 71, [144] [145] [146] , Ni concentrations as high as 600 µg g Ϫ1 , have been found in leaves of maples (Acer spp.) growing close to the Port Colborne Ni refi nery in Ontario, Canada [147] and ϳ580 µg g Ϫ1 in Scots pine needles of tree stands in the vicinity of a Cu-Ni smelter in Finland [148] . Such high values are mostly due to surface contamination of the fi eld-grown plants by Ni-containing dust. However, it is also well known that certain endemic plant species growing on ultramafi c soils, the so-called hyperaccumulators, can contain more than 1000 µg Ni g Ϫ1 inside their tissues [149] (see also Chapter 2). In a Scots pine stand growing close to a Cu-Ni smelter, more than half of the Ni in precipitation originated from the wash-off of canopy-deposited dust [150] and pine needles exposed to aerial deposition contained tens of times more Ni than the needles protected from this source [148] . The measured Ni concentrations of boreal plant species growing naturally in Ni polluted forests are variable (Table 3) , which may be, at least partly, due to varying degrees of surface contamination.
Although root uptake is the main pathway for Ni access in higher plants, there is much evidence showing that Ni is also available to plants through the foliage both in conditions of excess Ni [153, 154] and Ni defi ciency [155] . Bryophytes and lichens are especially effi cient in absorbing elements directly across their surfaces because they have neither epidermis or cuticle layer, nor roots [156] . Not surprisingly, therefore mosses and lichens are widely used as biomonitors of metals (see also Section 5.2).
Most of the Ni deposited on foliar surfaces does not penetrate into the living cells through the cuticle of higher plants, and therefore does not have direct toxic effects on metabolism. Consequently, the Ni concentrations of fi eld-grown plants are usually of little relevance in terms of a plant's physiological response, even though they can be important in assessing risks to animals or humans. Washing of plant material prior to analysis is often recommended as a means to remove or separate the particulate materials contaminating plant surfaces [157] . However, in studies by Kozlov et al. [158] , as well as by Nieminen et al. [148] only a minor part of surface-deposited Ni on tree foliage was removed by washing.
The secretion of organic compounds by plant roots may affect the solubility of Ni in the rhizosphere soil [143, 159] . There are several examples showing that the presence of other compounds in the substrate can either increase or decrease the Ni uptake, depending on their quantity, quality, and the characteristics of the plant in question. Nickel uptake by Scots pine seedlings grown in quartz-sand Met. Ions Life Sci. 2, 1-30 (2007) substrate was enhanced in the presence of copper [146] , while Cataldo et al. [160] found that Ni absorption by hydroponically grown soybean plants (Glycine max (L.) Merr. cv. Williams) was completely inhibited in the presence of Cu. Singh et al. [161] observed that an increasing supply of urea appeared to mitigate the toxicity of Ni to wheat (Triticum aestivum L.). The presence of organic acids or inorganic ligands in soil solution results in formation of Ni complexes, which may either inhibit or enhance root uptake, depending on the characteristics of the Ni complex formed. For example, Molas [162] reports that Ni(II)-EDTA was less enriched and less toxic than Ni(II)-citrate or Ni(II)-Glu to hydroponically grown cabbage plants. Generally, the ionic form of Ni 2ϩ is taken up relatively easily by plants, but many chelated forms appear to be less available [160, 163] . Highmolecular-weight solutes are prevented from entering the apoplasm of root cells by the diameter of pores [143] . Plants can restrict the apoplastic passage through the establishment of a suberin-rich transport barrier in the roots [164] . Although Ni is generally considered to be a readily mobile element in plants [8, 143] , the mobility within a plant is regulated by the formation of organic Ni complexes [165] . According to Tiffi n [166] Ni is present in anionic organic complexes in the xylem of most plant species, which suggests that Ni is chelated by an organic ligand (carrier) before translocation to the shoot. Timperley et al. [167] reported that Ni in the foliage of several tree species was mainly complexed, and either in a neutral or positively charged species. In some plant species, e.g., oat (Avena sativa L.) and legume species (Fabaceae) associated with Rhizobium bacteria such as peas and beans, Ni is primarily enriched in the seeds [71, 143] . Cataldo et al. [168] concluded that the leaves of soybean plants were a major sink during vegetative growth, while more than 70% of the Ni in shoot was remobilized to the seeds at senescence. During autumnal senescence, 5-20% of the Ni incorporated in the senescent needle mass was translocated to the remaining tissues of adult Scots pine trees growing in conditions of excess Ni [169] .
Importance of Partitioning for Bioavailability and Mobility
Total Ni contents in the soil might depict the potential availability of Ni, but in most cases the total content is of little relevance in terms of Ni availability. The basic aim of a number of soil extraction schemes is to estimate the metal pool available to plants or other soil biota [170] . Single extractants such as dilute acids (HCl, NH 4 ϩ , HNO 3 ) or solutions containing chelating agents (DTPA or EDTA) are traditionally used to estimate the bioavailable proportion of soil metal [7] . However, when applied to soils with a wide range of soil characteristics, they fail to predict metal bioavailability adequately [171] . In addition to the mineralogical form of a metal, the key properties controlling its solubility and availability are soil solution pH, dissolved organic matter, and solid-phase metal oxide and organic matter content [172] .
In general, the solubility of Ni is inversely related to the soil pH [8] , albeit this dependence may be affected by organic complexation. Poulsen and Hansen [173] examined the infl uence of citrate and arginine on Ni sorption to a sandy loam soil and its dependence on pH. As the sorption edges for Ni without ligands showed 50% sorption at approximately pH 5, the presence of citrate depressed sorption, with the 50% sorption shifting to a pH value of more than 7.5. In contrast, arginine had almost no infl uence on sorption over the entire pH range studied. Poulsen and Hansen [173] concluded that the trivalent nickel-arginine complexes (NiH 3 arg 2 3ϩ ) were sorbed to cation exchange sites, while sites for the bonding of monovalent negatively charged nickel-citrate complexes (Nicit Ϫ ) were sparse. According to Wolt [174] and Kabata-Pendias [8] , humic and fulvic acids, as well as simple carboxylic acids derived from the decomposition of organic matter, are suffi ciently abundant in soil solutions and form complexes with Ni of suffi cient Met. Ions Life Sci. 2, 1-30 (2007) stability, that these can have comparable effects on Ni sorption as citrate. These processes might explain the mobility of Ni in podzolic soils impacted by atmospheric Ni pollution [175] .
The aim of the so-called sequential extraction techniques [176, 177] is to dissolve various solid fractions step by step and to liberate the metals associated with each fraction, starting with the most accessible fractions and sequentially dissolving the increasingly recalcitrant fractions by using increasingly aggressive reagents. According to the results of sequential extractions most of the Ni in soils should be associated with iron and manganese oxides (reducible fraction), as well as with the residual fraction [178] [179] [180] . However, the reagents used in these sequential techniques can never affect only a single fraction, and these results have always to be interpreted with caution. Furthermore, there is no evidence indicating which solid-phase fraction correlates best with uptake by organisms [171] . Element partitioning may be further modifi ed in the rhizosphere and within the digestive tract of soil-dwelling organisms [172] . In the case of soil invertebrates, extractant methods that attempt to mimic their digestive processes would be the most suitable ones to predict the availability of soil Ni to them.
Since plants access metals in the soil principally through the soil solution, it might be reasonably expected that the determination of Ni concentrations in the soil solution would provide the best predictor of Ni availability to plants. However, the prediction capacity of soil solution concentrations is not yet clear. Although the relatively high Ni concentration in soil percolation water was interpreted as refl ecting higher downward leaching of Ni compared with Cu in forest soils adjacent to Cu-Ni smelters [175] , Ni uptake by Scots pine roots did not appear to be more effi cient than that of Cu [146, 181] .
In most Ni exposure experiments in which plants have been grown hydroponically, the Ni concentrations are often so high that the results do not have any ecological relevance. Toxic threshold concentrations of nutrient solutions reported by Mishra and Kar [163] vary from 0.5 to 300 mg L Ϫ1 depending on the plant species in question, whereas Ni concentrations in soil solutions taken from a dead Scots pine stand next the Ni-Cu smelters at Monchegorsk in the Kola Peninsula (Russia) ranged from 0.1 to 2.9 mg L Ϫ1 [3] . The total Ni concentration (dry ashing and HCl extraction) in the topmost organic layer of the same pine stand was ca. 3000 µg g Ϫ1 of organic matter [182] and ϳ70 µg g Ϫ1 of dry matter in the mineral soil horizons [183] . An average value of 20 mg kg
Ϫ1
for Ni of world soils, and a range of 5-500 mg Ni kg
, have been reported by Adriano [7] . However, in ultramafi c soils, which are naturally enriched by Ni, values ranging from 100 to 3000 mg Ni kg Ϫ1 have been reported in the UK and Scandinavia [184] . According to Tamminen [185] the median concentration of Ni in the organic layer of upland forest soil in Finland is 8.2 µg g Ϫ1 of dry matter.
SUMMARY AND CONCLUSIONS
During the last century Ni concentrations in soils and sediments increased worldwide. Nickel is frequently enriched in oil and coal, and oil combustion is currently the largest source of atmospheric Ni by far, although Ni emissions from mining and smelting activities have caused extensive damage in the areas surrounding large industrial complexes. Nickel is a valuable metal for modern industry, mostly due to its expanding need as a crucial component of stainless steel.
The environmental mobility of Ni is considered to be low under neutral to alkaline and reducing conditions, but in acidic organic rich soils where Ni can be quite mobile, Ni contamination may pose a risk to groundwater quality. Even though the ionic form of Ni 2ϩ is taken up relatively easily by plants, chelated highmolecular-weight compounds are less available. Therefore, Ni does not appear to be subjected to biomagnifi cation in terrestrial food webs, with the exception of the Ni hyperaccumulating plants. However, frequent application of sewage sludge on agricultural fi elds may result in substantial Ni absorption by some crop plants.
Although Ni is an essential minor element, it is toxic in excess doses. Until now there has been more concern about the toxicity than possible defi ciencies of Ni. Nevertheless, knowledge of the mechanisms underlying both the defi ciency and toxicity of Ni have remained relatively limited. The content of the following Chapters of this book is intended to help fi ll these gaps and to increase our understanding of the relationships between Ni and organisms. water quality criteria XAFS X-ray fi ne-structure analysis XANES X-ray absorbtion near-edge structure XRF X-ray fl uorescence spectrometry
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